Thermal contraction of the casting and the thermal expansion of the mold result in gap formation at the mold-casting interface, which affects greatly the heat transfer between the mold and casting. Information on the movements of the mold and casting during solidification and cooling is also the basis for the investigation of the casting deformation.
Introduction
Air gap formation at mold-casting interface is a result of the thermal contraction of the casting and the thermal expansion of the mold. Heat transfer between the mold and casting is affected by this gap and the progress of solidification greatly depends on heat transfer coefficient. 1) Information on the movements of the mold and metal during solidification and cooling is also the basis for the investigation of the casting deformation.
2) Deformation of the casting may also be related to initial movement of the mold in metal mold casting. Mold wall deforms toward casting due to the thermal gradient across mold thickness and the casting is deformed by the mold because it has no strength at the initial stage of solidification in a plate casting.
Several experimental studies [3] [4] [5] [6] have been reported on movements of the casting and mold during solidification and cooling, although some were carried out mainly to investigate the casting-mold interfacial heat transfer which affected the solidification process to a considerable extent.
Various defects of castings are mainly due to the stresses and strains caused by a nonuniform temperature distribution and phase transformation during solidification and cooling, and by mechanical constraint between the mold and casting. Several of these are believed to arise in the early stage of solidification in the mold. Over the years, many mathematical models have been developed to investigate the origin of these defects, [7] [8] [9] [10] [11] [12] [13] [14] [15] since experimental measurements of stresses or strains during solidification are nearly impossible. Exact analytical solutions in a one-dimensional model for the thermal stress arising during solidification of the casting were derived by several researchers. 16, 17) With advances in digital computers and in numerical techniques, two-or three-dimensional models considering the mold distortion and temperature dependent material properties were developed.
Recent works about the casting deformation have had a tendency to employ commercially delivered codes, because such codes have sufficient accuracy and excellent pre-and post-processors are attached to them, which are very effective for thermal deformation analyses of various castings with complex geometries.
Many numerical simulations on the air gap formation have been done, however, few researches [18] [19] [20] [21] [22] have been reported on the movement of the casting and mold for gravity die-castings. Most of simulations dealt the movements of the mold and casting separately which should be solved simultaneously to make clear the initial behavior of them.
There are some problems to be solved because molten metal is in contact with the mold just after pouring and the separation between the mold and casting occurs soon at the same location as solidification proceeds.
The aim of the present study is to confirm the air gap formation by analyzing the mold and casting movements simultaneously using coupled thermo-mechanical contact boundary model for the aluminum alloy plate casting. Figure 1 shows the meshes of the mold and of the casting used for thermal and stress analysis, performed by twodimensional thermo-mechanical coupled analysis. Half of the transverse section at the mid-height of the mold and casting was chosen for analysis. Dimensions of the casting were 100 mm wide by 12.5 mm thick, and the mold 150 mm wide by 37.5 mm thick. Size and shape of the casting and mold were chosen to compare the calculated results in the present study with the measured ones in the previous papers. 2, 6, 21, 23, 25) Each number in the figure shows locations where temperature and displacement are checked. Location 2 and 3 in the figure look like the same node, but two nodes are overlapped.
Computational Procedure

Model Description
A four-node quadrilateral element was used, one mesh being 2.5 by 1.25 mm for the mold, and 3.3 by 2.5 mm for the casting. The mold material was cast iron, the cast alloy being Al-7%Si-0.3%Mg alloy. Casting was treated as an elastic-plastic deformable body, mold as an elastic deformable one and plane strain was assumed.
Mold material properties were assumed to be constant independent of temperature. Casting material properties were temperature dependent. Thermal conductivity and modulus of elasticity with temperature are given in Tables 1 and 2 . 21) Density of the casting is 2 700 kg/m 3 . The latent heat was converted into the change of specific heat over the solidification range. However Al-7%Si-0.3%Mg alloy includes eutectic, latent heat during primary and eutectic solidification was evaluated using the ratio measured by a differential scanning calorimeter. In eutectic solidification, a temperature of 1 K was set as the range for latent release.
Constant linear thermal contraction during solidification of the cast metal was considered, and solidification volume contraction not considered.
Computational Conditions
The commercial finite element code MSC-MARC (version 2000) was used for the analysis.
Mold initial temperature was chosen as a computational variable. Initial temperature of the casting is 883 K and of the mold was in the range from 303 to 623 K.
y displacements of nodes on the lower line (A-A line in Fig. 1 ) and x displacements of the nodes on the centerline of the model (B-B line in Fig. 1 ) were constrained.
The contact boundary model between the casting and mold used the method of contacting mechanics. Contact began at the start of the load increment. During contact process, it is unlikely that a node exactly contacts the surface. Therefore contact tolerance is associated with each surface. Contact tolerance was 5ϫ10 Ϫ6 m, and contact bias factor was adopted as 0.99. Friction between the casting and mold was not considered. The mold and casting were regarded as deformable bodies. 24) Heat transfer coefficient between the casting and mold while the casting contacted with the mold was 1.5 kW/ m 2 · K, and time dependent heat transfer coefficient was adopted after separation of the casting from the mold which was in the range of 0.2 and 0.4 kW/m 2 · K. Time-dependent heat-transfer coefficient between the casting and mold was estimated from the previous measured data, 25) however heat-transfer coefficient between the mold and surrounding was fixed to 0.008 kW/m 2 · K. Thermal effects coupled with the deformation which converted mechanical work into heat through an irreversible process was not considered.
Three kinds of convergence criteria are used for determining the convergence of non-linear problems. Residual force scheme was chosen and relative force tolerance was 0.1. For non-linearity problems, the time step directly influences the computational accuracy, and large time step results in contact penetration. Fixed time step of 0.05 s was chosen. Figure 2 shows a typical calculated cooling curve. Three lower curves show mold temperatures, and two upper ones show casting temperatures. Numbers in Fig. 2 are positions designated in Fig. 1 . Mold temperatures near the casting- Table 1 . Thermo-physical data used for the mold. Table 2 . Thermo-physical data used for the casting. mold interface show inflections, whereas it is absent far from the interface. Mold temperatures increase rapidly and then become stable after about 20 s. There are an eutectic plateau on the curve of the casting temperature. Figure 3 shows deformed shapes of the mold and casting with time. The displacement in the figure is scaled by a factor of 100. Mold bends inwards and inner surface of the mold comes in contact with the casting. So the casting is deformed by the mold bending. As solidification proceeds, the mold moves backwards and the casting is separated from the mold completely after 12 s in Fig. 3 . Edge parts of the casting contracts in the early stage because the solidification is fast. This means that separation of the casting from the mold initiates at the edge of the casting and ends at the center of the casting. The air gap formation refers to the complete separation of the casting from the mold in the present study. An example of the displacement curves of the casting and mold at the center nodes of mold-casting interface is given in Fig. 4 . It can be seen that the mold reaches the maximum bending in the early stage of solidification and returns to its previous position within about 5 s. The casting moves together with the mold for a while, and is still in contact with the mold at the center part. However the casting is separated from the mold after a while and the air gap forms subsequently. It means that the mold and the casting move together before air gap formation, which can be confirmed by calculation.
Results
Cooling Curves
Deformed Shapes
The mold recovers its original shape as temperature difference in the mold decreases assuming that it is elastic.
Gap Formation and Mold Bending
Variation of solidification time of the casting center, gap formation time and maximum mold bending time with increase in initial mold temperature is given in Fig. 5 . All of curves show the same tendency to increase with higher initial mold temperature. Gap forms later than the maximum mold bending for all initial mold temperatures. Time difference between gap formation and mold bending becomes smaller with higher initial mold temperature. Figure 6 shows the variation of temperature differences between the inner and outer surface of the mold with initial mold temperature. Temperature differences tend to increase up to peak values and decrease for all curves. Temperature difference decreases and its peak time increases with higher initial mold temperature. Figure 7 shows the interrelation among initial mold temperature, maximum mold bending and temperature difference in the mold. Maximum mold bending is proportional to temperature difference in the mold because the mold bends due to the temperature difference across the mold thickness. Both maximum mold bending and temperature difference in the mold decrease with higher initial mold temperature.
Discussion
Initial Mold Temperature and Mold Bending
Calculated mold bending and temperature difference in the mold are compared with the measured ones 2, 25) in Figs. 8 and 9. Maximum mold bending is between 0.024 to 0.032 mm in the calculation and between from 0.023 to 0.046 mm in the measurement. Both calculated and measured mold bending decrease with increase in initial mold temperature. Temperature difference becomes smaller with higher initial mold temperature in Fig. 9 . Temperature difference in the mold ranging from 59 and 100 K in the calculation is a little different from the measured one ranging from to 80 and 118 K. This gap is mainly due to the difference in input data of the initial temperature of the cast metal and the imposed heat transfer coefficient between the casting and mold. Accurate control of the pouring temperature is very difficult for each heat in the experiment. Calculated results, however, show a rather good agreement with the measured one.
Gap Formation and Movement of the Casting and
Mold It is worth emphasizing to trace the movements of the casting and the mold, which can be explained from calculated displacement curves as can be seen in Fig. 10 .
Just after pouring, the mold bends inward as shown at the stage I of the Fig. 10 , because there is a large temperature gradient across the mold thickness. Mold temperature at the interface reaches to the peak. Since the temperature gradient of the mold decreases with time, the mold bending decreases and the mold returns to its previous position at the stage II. Although the casting temperature drops to eutectic temperature during this stage, the solidified shell has no strength because of its low solid fraction.
It is not long before the casting contracts and the mold continues to expand. The solid fraction of the casting becomes higher and the solidified shell gains strength. Consequently the casting separates from the mold completely and an air gap forms.
It is confirmed that the mold and the casting move together until the air gap forms by the calculation. This is the beginning of the stage III. The difference between the two curves corresponds to the air gap. Once the air gap forms, it grows gradually because the drop of the casting temperature is small due to the eutectic solidification.
Gap growth becomes fast at the stage IV since thermal contraction of the casting is large due to the fast drop of the casting temperature. Comparing the air gap curve with the displacement curve of the casting just before and after air gap formation makes it apparent that the growth of the air gap is mainly due to contraction of the casting because change in the mold displacement is not significant.
Above explanation on the air gap formation and movements of the casting and mold by the coupled analysis is good agreement with the previous observations by experiments. 4, 25) Figure 11 shows the calculated and measured gap formation time with initial mold temperature. Both calculated and measured gap formation time increase with increase in initial mold temperature. Air gap formation depends mainly on the contraction of the casting, and the contraction start time of the casting is proportional to the solidification time of the casting.
Initial Mold Temperature and Gap Formation
The difference between the calculated and measured 25) gap formation time becomes larger over 573 K of initial mold temperature. This is mainly due to difference in contact heat transfer coefficient between the casting and mold.
Conclusions
The behavior of the mold and casting movement was confirmed by analyzing the mold and casting simultaneously using coupled thermo-mechanical contact boundary model for the aluminum alloy plate casting.
Results on the air gap formation and movements of the casting and mold by the coupled analysis were good agreement with the previous observations by experiments.
The mold bent inward due to a large temperature gradient across the mold thickness just after pouring. Since the temperature gradient of the mold decreased with time, the mold bending decreased and the mold returned to its previous position. It was not long before the casting contracted and the mold continued to expand. Consequently the casting separated from the mold completely and an air gap formed.
It was confirmed that the mold and the casting move together until the air gap forms by the calculation. Once the air gap formed, it grew gradually because the drop of the casting temperature was small due to the eutectic solidification.
Comparing the air gap curve with the displacement curve of the casting just before and after air gap formation made it apparent that the growth of the air gap was mainly due to contraction of the casting because change in the mold displacement was not significant.
Gap formation time increased with increase in initial mold temperature. Both maximum mold bending and temperature difference in the mold decreased with higher initial mold temperature.
